We have characterized a cDNA clone, IRK1, for a putative receptor kinase from a stigma cDNA library of Ipomoea trifida. IRK1 protein contains an extracellular receptor-like domain and the consensus sequences diagnostic of serine/threonine protein kinase. Both the pattern of gene expression and the results of RFLP analysis indicate that the IRK1 gene is not primarily involved in the self-incompatibility system of Ipomoea.
Cellular signaling processes in eukaryotes are mediated by a number of receptor protein kinases, each of which consists of an extracellular receptor domain, a single membrane-spanning segment and a cytoplasmic kinase domain. Many receptor-like protein kinases (RLKs) have been identified in higher plants and have been found to exhibit serine/threonine specificity in their kinase domains (Walker 1994) . Among the plant RLKs reported to date, the S-receptor kinase (SRK) from Brassica has been postulated to act as a determinant of the recognition of self pollen in the self-incompatibility reaction through signal transduction that occurs on the surface of the stigma (Nasrallah et al. 1994) . The Xa21 gene of rice, which confers resistance to a bacterial pathogen, has also been characterized as a gene for a plant RLK, and it has been suggested that the product of the Xa21 gene might play a role in cellsurface recognition of a ligand on the pathogen and the subsequent activation of intracellular defense responses (Song et al. 1995) . The biological functions of other plant RLKs are not fully understood, but these findings indicate that plant genomes contain a family of RLK genes and that each member of the family has a different role and, possibly, functions in a number of signaling systems. In our previous study (Kowyama et al. 1995) , we detected four kinds of SRK-related sequence by reverse transcriptase-polymerase chain reaction (RT-PCR) in the mRNA isolated Abbreviations: S locus, self-incompatibility locus; SLG, Slocus glycoprotein; SRK, S-locus receptor kinase; RFLP, restriction fragment length polymorphism.
The nucleotide sequence in this paper has been submitted to the GenBank data base with accession number U20948. from reproductive tissues of Ipomoea trifida, a diploid wild species that is closely related to the sweet potato. The present study was carried out to analyze the structure and expression of an RLK gene of Ipomoea using cDNA and partial genomic DNA clones.
Two plants that were homozygous for S 1 and S
22
alleles at the self-incompatibility locus of /. trifida were derived from cross-pollinated progeny in our S-genotype stocks (Kowyama et al. 1994) . The Fi plant (S'S 22 ) from the cross of these two homozygotes was back-crossed (Fi x S'S') to produce a segregating population, the BCFi family. Total RNA and poly(A) + RNA were isolated from various tissues of S^-homozygotes as described previously (Kowyama et al. 1995) . A cDNA library was constructed from the poly(A) + RNA of stigmas using a AZAP II cloning kit (Stratagene, La Jolla, CA, U.S.A.). Infection of the E. coli host strain (PLK-F') with the in vitro packaged A phage yielded a primary library that contained about 4 x 10 5 plaque-forming units per ng of cDNA. In our previous study (Kowyama et al. 1995) , one of the PCR-derived clones, IPG1, was found to exhibit about 60% identity at the nucleotide sequence level to the receptor domain of SRK from Brassica and to hybridize to an abundant transcript of about 2.8 kb in the reproductive tissues of /. trifida. Using IPG1 cDNA as a probe, we obtained nearly full-length cDNA clones by screening 1.2 x 10 5 plaques in the stigma cDNA library. We sequenced the insert in the longest cDNA clone, designated IRK1, using subclones of overlapping restriction fragments of the cDNA and a Taq DyeDeoxy sequencing kit (Applied Biosystems, Foster City, CA, U.S.A.). To obtain the sequence of the 5'-flanking region of the IRK1 gene, we extracted genomic DNA from the S 22 -homozygous plant. The DNA was digested with Rsal, subjected to electrophoresis on an agarose gel and transferred to a membrane filter. The filter was hybridized with a labeled fragment (140 bp) prepared from the 5' end of the IRK1 cDNA. The /teal-digested DNA fragments of about 1 kb that corresponded to the size of the hybridized signal were cut from agarose gel, self-ligated and amplified by the inverse PCR technique (Ochman et al. 1988 ) using primers that were based on the 5'-end sequence of the IRK1 cDNA. The amplified products were ligated into the TA vector (Invitrogen, San Diego, CA, U.S.A.) and sequenced as described above.
For RNA blot analysis, total RNA extracted from various tissues of 5 22 -homozygous plants was subjected to electrophoresis in a 1.5% agarose gel that contained formaldehyde, and transferred to a membrane filter as previously described (Kowyama et al. 1995) . For DNA blot analysis, genomic DNA was extracted from leaves of parent plants, Fi plants and BCFi plants as described by Rogers and Bendich (1988) . Aliquots of DNA (10//g) were digested with a restriction endonuclease, subjected to electrophoresis on a 0.6% agarose gel and transferred to a membrane filter. The DNAs on filters were allowed to hybridize with the receptor-like domain sequence of the IRK1 cDNA, which had been labeled with a-[ 32 P]dCTP by random oligonucleotide priming. The filters were washed twice for 20 min at 60°C in buffer that contained O.lxSSC and 0.1% SDS. The washed filters were exposed to X-ray film with an intensifying screen. Regions similar to an amino-terminal signal peptide (-1 to -28) and a transmembrane domain (419 to 443) are boxed. Conserved cysteine residues and potential sites of N-linked glycosylation within the receptor-like domain are marked with asterisks and underlined, respectively. Circles and double-underlining indicate the conserved amino acid residues and motifs specific for serine/threonine-type kinases, respectively.
(B) A hydropathy plot of the deduced amino acid sequence of IRK1.
The hydropathy values of each amino acid were determined using an interval of 10 amino acids. SP and TM indicate the putative amino-terminal signal peptide and the transmembrane domain, respectively.
The nucleotide sequence of IRK1 cDNA was 2,798 bp long, excluding the poly(A) tract, and it included an open reading frame that encoded a polypeptide of 851 amino acids. Part of the predicted amino acid sequence of IRK1 matched the previously determined sequence of 250 amino acids at the amino-terminus of IPG1. From a comparison between the deduced amino acid sequence of IRK1 and that of the SRK of Brassica, the cDNA clone was found to lack the DNA sequence that encodes the amino-terminal end of the protein. This sequence and part of the 5-flanking region of the gene were obtained from the PCR-amplified genomic DNA clone of about 1 kb length; 300 bp of the genomic clone overlapped the 5' end of IRK1 cDNA. The predicted sequence of the entire IRK1 protein consists of 853 amino acid residues, two of which at the amino-terminus were deduced from the genomic clone (Fig. 1A) .
A hydropathy plot of the predicted amino acid sequence clearly revealed the two hydrophobic regions (SP and TM in Fig. IB ) that were similar to the amino-terminal signal peptide and transmembrane domain of SRK of Brassica, respectively. As previously noted in the sequence of IPG1 (Kowyama et al. 1995) , twelve conserved cysteine residues (marked by asterisks in Fig. 1 A) are found in the receptor domain; these cysteine residues are diagnostic for members of the SLG-multigene family in Brassica (Trick and Heizman 1992) . There are seven potential sites of relinked glycosylation (N-X-S/T) within the receptor domain (underlined in Fig. 1A ). Pairwise comparisons showed that, over its entire sequence, IRK1 was 50%, 53% and 27% identical at the amino acid level with SRK6 of Brassica (Stein et al. 1991) , ARK1 of Arabidopsis (Tobias et al. 1992) and ZmPKl of maize (Walker and Zhang 1990) , respectively ( Table 1 ). The kinase domains are more similar than the receptor domains and transmembrane domains in these proteins. Hanks et al. (1988) showed that protein kinases have 11 conserved subdomains that contain 15 nearly invariant amino acid residues and four catalytic motifs. All of the 15 conserved residues (circled in Fig. 1A ) and the four motifs (double-underlined in Fig. 1A) were identified in the IRK1 protein. The second motif, HRDLKASNI (residues 628-636), and the fourth motif, GTYGYMSPE (residues 670- Twenty micrograms of total RNA from each tissue were fractionated by electrophoresis, and then blotted on a filter and hybridized with a radiolabeled probe prepared from the cDNA for the receptor-like domain sequence of IRK1. 678), indicate the possibility that the IRK1 protein might have serine/threonine kinase activity (Bairoch and Claverie 1988) . These sequence-based predictions suggest that the IRK1 protein might belong to the family of serine/threonine receptor protein kinases in plants.
On an RNA gel blot that was probed with the cDNA for the receptor-like domain sequence of IRK1, transcripts of approximately 2.8 kb were detected in the RNA from reproductive tissues of Ipomoea, such as the stigma, anther/ pollen and petal (Fig. 2) . Hybridization signals were also observed with transcripts from vegetative tissues, such as the root and leaf, while no signals were obtained in the petiole and stem. In Brassica, SRK genes are expressed predominantly in pistils, weakly in anthers, and not at all in leaves and roots (Stein et al. 1991 , Goring and Rothstein 1992 , Kumar and Trick 1994 . Thus, the IRK1 gene is differ- Table 1 Identity at the amino acid sequence level of Ipomoea IRK1 with Brassica SRK6 (Stein et al. 1991) , Arabidopsis ARK1 (Tobias et al. 1992) and Zea ZmPKl (Walker and Zhang 1990) Dzelzkalns et al. (1993) identified four cis-acting elements and five conserved boxes within the 411 bp immediately upstream of the coding region, and each of them independently directed the pistil-and pollen-specific expression of the gene. In our study, we determined the 5'-flanking sequence (445 bp) of IRKl from a genomic clone and compared it with that of the SLG13 gene. Although no significant similarity between these two sequences was found, two of the boxes defined by Dzelzkalns et al. (1993) , namely, box HI (TGAATTAGTGG) and box V (ATTTTTAC-TGTTTGGT), were identified in the 5'-flanking region of IRKl, from -335 to -345 and from -250 to -265, respectively (the sequence of the 5'-flanking region is also deposited in the GenBank data base). Box III was proposed to play a role in the pistil-specific expression and box V in the pollen-specific expression of the SLG13 gene in Brassica. The expression of IRKl in reproductive tissue might be directed by c/s-elements that include these conserved boxes. The possible functioning of these sequences in the expression of the IRKl gene remains to be examined. Genetic linkage of the IRKl gene to the S locus was examined by RFLP analysis of BCFi populations segregating for S-alleles. Genomic DNAs were digested with Dral and allowed to hybridize to a probe prepared from the cDNA for the receptor-like domain of the IRKl protein (Fig. 3) Blots of ZJroI-digested DNA from parents (Pi and P2), and from Fi and BCFi individuals were allowed to hybridize with a radiolabeled probe prepared from the cDNA for the receptor-like domain sequence of IRK 1. The S genotype of each plant is shown above the corresponding lane. signals segregated independently of the 5 alleles in the BCFi progeny. In addition, three other clones, IPG2, IPG3 and IPG4, produced by PCR amplification of stigma cDNA (Kowyama et al. 1995) , were used as probes for RFLP analysis. None of the signals that represented hybridization to these probes was associated with the segregation of the S alleles (data not shown). Thus, the RFLP patterns revealed that the genes hybridized to these four probes were unlinked to the S locus. Therefore, the present results suggest that IRKl and three other homologous proteins are not primarily involved in determining S-allelic specificity in the self-incompatibility reaction of Ipomoea.
